The origin of excess noise in high-quality FETs is investigated in the frequency domain. It is found that, for use in opto-feedback systems, generationrecombination noise through deep traps is important.
INTRODUCTION
In a previous paper, 1 it was shown that the basic FET parameters determining the noise behavior of ultra-low noise opto-feedback spectrometer systems can best be measured in the frequency domain. It was found that for high-quality 2N4416 FETs, the noise voltage spectrum at the output of a charge sensitive preamplifier contains, in general, four terms: V(f) = (a1/f2) + (a2/f) + a3 + 4 T g/ + u T2)](vot) (1) where al = 2q IL'/(2TrC2) ( In terms of the customary noise equivalent circuit, I corresponds to detector plus FET gate leakage current, 2 A. is the value of the power spectrum of the 1/f noise at f = 1 Hz, rs is the equivalent resistance in series with the FET gate which generates noise equivalent to the white noise in the channel, and Kg is a proportionality constant for, the observed FET gate junction generation-recombination noise. Tg is a characteristic generation-recombination (g-r) time which is temperature dependent. Please <NA> ccl/T (2) (parallel component), Region II, just below the optimum temperature, dominated by g-r noise.
Region III, at optimum temperature and just above, dominated by 1/f noise. As for grounded gate Grounded gate measurements have also been used in a fast cycling cryostat for preselection of FETs for mounting on boron nitride, instead of the more con-)VOUT ventional operation with high impedance gate. Since 1/f noise from the header losses dominates over the series and g-r components at medium to long To, and these losses cannot be expected to have any relationship to the final 1/f behavior of the transistor once it is removed from the header, it is evident that preselection in the header can only be done on the basis of the series and g-r components of noise. We have also observed that leakage current is substantially correlated with g-r noise, as might be expected since IL arises at Shockley-Read centers, although the ultimate test for leakage current noise has to be carried out in a cryostat with a very good detector and the FET out of its header.
With Rfb large enough ( Figure 3 shows a set of data for a typical 'good' 2N4416 in the temperature region in which g-r noise would be dominant at long To (Region II, Fig. 1 9 10 it 1000/T ( K) Figure 6 shows NLW(FWHM) per pfd measured in three 2N4416s as a function of approximate cold finger temperature at To = 16 ps. At In this temperature region, the equivalent rs due to carrier freeze out continues dropping as the temperature increases (Fig. 8) with a small dependence on ID. On the other hand l/gm is fairly independent of temperature and quite sensitive to ID, as expected.
As the chip temperature is increased so that the characteristic g-r step decreases in magnitude and shifts to frequencies at the high end of the filter response, (right side of g-r 'bump' in Fig. 1 Figure 9 shows the behavior of rs and l/gm as a function of approximate chip temperature. The values of rs are referred to the correct T. It would appear that the tail of the high noise due to carrier freeze out extends to very high temperatures, but this interpretation is in error. In fact, the excess rs above the value of gm is principally due to the low frequency side of the main g-r step which has shifted to frequencies above the range of measurement.
The majority of reasonably good transistors exhibit a secondary g-r bump at temperatures higher than the first bump already discussed (Fig. 6 , transistors 4416.002 and .005), so that, from the noise capacitance slope (eV/pF) point of view, the optimum point (the valley between bumps) is determineu by a combination of the magnitudes of the primary and secondary g-r bumps, the tail from the low-temperature carrier freeze out noise and the gm of the FET.
The The dissipation factor D = G/wC of three boron nitride parallel plate capacitors machined from actual FET mounts has been measured as a function of power delivered by the heater which is normally used to warm up the FET package. The capacitors were made in such a manner that their temperature should be near that of the FET packages at similar heater powers. The results are shown in Fig. 10 . As pointed out by Radeka,9 the 1/f noise power due to lossy dielectrics is proportional to the dissipation factor (i.e. A.x is proportional to D). The results of Fig. 10 bear out this proportionality relatively well and are a very strong indication that the temperature dependence of the 1/f parallel component of noise in Region III is due to losses in the boron nitride insulator. Furthermore, it was found earlierl that A was independent of whether vacuum dielectric or a boron nitride bulk feedback capacitor was used, and we have recently also found that surrounding the b.n. package tightly with aluminum at ground potential did not alter A. in any substantial way (Ac, should be proportional to Cd, the dielectric capacitance from gate to ground).9 These observations appear to indicate that we are dealing with a surface effect in the b.n. rather than a bulk effect.
The effect of the boron nitride package has been further studied by mounting three FETs directly suspended from the detector holder with no boron nitride. In this arrangement, the Si detector is held in place by a Teflon button at liquid nitrogen temperature through whose center a thick gold wire acts as the n+ terminal of the detector and as support and heat sink for the FET. A length of 1.4 cm of the normal Kovar gate wire of the 2N4416 is adequate thermal resistance to attain optimal temperature with the FET providing its own self heating. The use of a detector with thick red paint as surface protection allows the operation of the opto-feedback LED without increasing IL excessively. A substantial amount of microphonics is generated by the suspended FET, but measurements in frequency domain allow us to disregard unwanted points in the parameter fitting procedures. Figure 11 shows the comparative results for transistor 4416.002, as typical of a FET mounted in boron nitride at its optimum temperature for To = 16 ps, and for transistor 4416.015, as typical of the three FETs tested in the suspended arrangement. Table II shows a summary of the results of this comparison. All the measurements were carried out with the same detector.
It is evident from Table II that boron nitride adds 10 to 15 eV of 1/f noise when it is in contact with the gate at temperatures above liquid nitrogen. The source of the remaining 55 to 60 eV of 1/f noise has not been determined at this time. There is some preliminary evidence that the cold Teflon detector support is relatively noiseless and that the size of the Si detector or its surface coating has an effect on A..
In the process of studying the 1/f noise another peculiar noise source has been observed for which no explanation is evident at this time. Figure 12 shows the frequency domain data obtained from FET 4416.002 corresponding to the runs in Table II . As ID is increased, the low frequency power noise spectrum takes a dependence steeper than (1/f)2, which would correspond, for example, to a current source at the input with a l/f power spectrum. This effect has been observed to a certain degree in all FETs tested in the high impedance gate configuration and it probably is responsible for the observation'0 that FETs optimized for long To work best at low currents. Fig. 1, and Figs. 7 to 9, we have shown that there exists a series channel noise contribution which is very high at low temperatures and has a white spectrum up to very high frequencies. As the FET temperature is increased this noise drops rapidly at first, with its contribution to NLW having an inverse exponential temperature dependence with shallow donor activation energy. At higher temperatures where the g-r noise becomes strong in the bandpass of a filter with long peaking time, the series white component continues dropping more slowly and it blends with the low-frequency residual effect of of the g-r noise step and the thermal channel noise as the FET temperature rises above the overall optimum operating point.
The g-r noise gives a 'bump' in the NLW characteristics due to the passing of the characteristic step of Fig. 3 through the bandpass of a filter (Fig. 1, bottom) . 'Good' transistors show only one of these 'bumps', or perhaps also a second bump (Fig. 6 ), which could become important at higher temperatures if it is large enough. The g-r noise sources are series sources and the 'bump' shown in Fig. 1 had been interpreted in the past as series 1/f noise.
Parallel 1/f noise due to boron nitride and other insulator losses (perhaps detector surfaces, SiO2 in FET) also appears (Fig. 1, bottom) in FETs and the substantial temperature dependence observed in FETs mounted in boron nitride has been shown to be due to surface losses in that material.
We see, therefore, that the optimum working point of a transistor, leaving aside leakage currents, is determined by a minimum of the sum of at least four different effects: 1) basic carrier freeze out noise, 2) thermal channel noise (l/gm), 3) The appearance of the approximately 1/f current source at the gate depending on ID is another source of noise which must be investigated. In trying to maintain an overall perspective on the progress made in this investigation and on possible future courses of action towards the goal of FET improvement, it becomes clear that a closer relationship between the device physicist and the manufacturer will be needed if any substantial progress is to be made. Access to material handling, diffusion temperatures, etc. to check on the appearance of g-r centers, for example, is a necessity.
